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Abstract 



[Object) 

It is an object of the present invention to provide a high power performance, high 
5 reliability GaN semiconductor device by improving thermal stability of a Schottky 
junction electrode. 

[Methods for achieving the object] 

A GaN semiconductor device with improved heat resistance of the Schottky 
10 junction electrode and excellent power performance and reliability is provided. In the 
semiconductor device having a Schottky gate electrode 17 contacting with an AlGaN 
electron supplying layer 14, the gate electrode 17 has a laminated structure comprising a 
first metal layer 171 formed with any one of Ni, Pt and Pd, a second metal layer 172 
formed with any one of Mo, Pt, W, Ti, Ta, MoSi, PtSi, WSi, TiSi, TaSi, MoN, WN, TiN 
15 and TaN, and a third metal layer formed with any one of Au, Cu, Al and Pt. Since the 
second metal layer is a material having a high melting point, it works as a barrier to the 
interdiffusion between the first metal layer and the third metal layer, and the 
deterioration of the gate characteristics caused by high temperature operation is 
suppressed. Since the first metal layer contacting with the AlGaN electron supplying 
20 layer 14 has a large work function, the Schottky banier is high, and a superior Schottky 
contact is obtained. 

[Selected figure] Figure 1 
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Specification 
SEMICONDUCTOR DEVICE 

5 

[Claim 1] A semiconductor device having a semiconductor layer configured with 
a compound semiconductor containing Ga v Al]. v (where, 0£v ^1) as a main 
component of Group IE-elements and N as a main component of Group V-elements, 
and a Schottky junction electrode contacting with the semiconductor layer, 
10 wherein said Schottky junction electrode comprises a laminated structure in 

which a first metal layer is formed on said semiconductor layer, a second metal layer is 
formed on the first metal layer, and a third metal layer is formed on the second metal 
layer, 

wherein said first metal layer comprises any material selected from a group of Ni, 
15 Pt, Pd, Ni 2 Sii. 2 , Pt 2 Si,. 2 , Pd 2 Sii. z , Ni.Ni*, and Pd z N,., (where, 0<z< 1); 

wherein said second metal layer comprises any material selected from a group of 
Mo, Pt, W, Ti, Ta, Mo x Sii_ x , P^Si^, W x Si,_„ Ti x Si,. x , Ta^Si,.,, Mo^, W.N^, Tj x Ni. x , 
and Ta x Ni_ x (where, 0<x<l); and 

wherein said third metal layer compiles any material selected from a group of Au, 
20 Cu,Al,andPt, 

[Claim 2] A semiconductor device having a semiconductor layer configured with 

a compound semiconductor containing Ga v Ali. v (where, O^v ^ 1) as a main 
component of Group Hi-elements and N as a main component of Group V-clements 5 
25 and a Schottky junction electrode contacting with the semiconductor layer, 

wherein said Schottky junction electrode comprises a laminated structure in 
which a first metal layer is formed on said semiconductor layer and a second metal layer 
is formed on the first metal layer, 

wherein said first metal layer comprises any material selected from a group of 
30 NiySij. y , Pt y Si]. ys Pd y Sii. y , Ni y Ni. y , and Fd^Kj* (where, 0<y<l); and 

wherein said second metal layer comprises any material selected from a group of 
Au, Cu,AlandPt 

[Claim 3] A semiconductor device having a semiconductor layer configured with 
35 a compound semiconductor containing Ga v Al]. v (where, OSv Si 1) as a main 



5 



component of Group Hi-elements and N as a main component of Group V-elements, 
and a Schottky junction electrode contacting with the semiconductor layer, 

wherein said Schottky junction electrode comprises a laminated structure in 
which a first metal layer is formed on said semiconductor layer, a second metal layer is 
5 formed on the first metal layer, and a third metal layer is formed on the second metal 
layer, 

wherein said first metal layer comprises any material selected from a group of 
NiziSii-zi (where, 0,4^zl^0.75), Ptz2Sii- 22 (where, Q.5^z2^0.75), Pd^Sii^ (where, 
0.5^z3^0.85), Ni^Ni^ (where, 0.5^z4^0.85), and PdzsN^ (where, 
10 0,5^z5^0.85); 

wherein said second metal layer comprises any material selected from a group of 
Mo, Pt, W, 11, Ta, Mo*Sii.x, Pt x Sii. x , W x Sii. x , Ti x Sii. x , T^Sii-x, Mo x Ni. x , W X NU Ti x Ni. x , 
and Ta x Ni. x (where, 0<x<l); and 

wherein said third metal layer comprises any material selected from a group of Au, 
15 Cu,Al,andPt. 

[Claim 4] A semiconductor device having a semiconductor layer configured with 

a compound semiconductor containing Ga v Ali. v (where, 0^ v ^ 1) as a main 
component of Group Ill-elements and N as a main component of Group V-elements, 
20 and a Schottky junction electrode contacting with the semiconductor layer, 

wherein said Schottky junction electrode comprises a laminated structure in 
which a first metal layer is formed on said semiconductor layer and a second metal layer 
is formed on the first metal layer, 

wherein said first metal layer comprises any material selected from a group of 
25 NiyiSi H , (where, 0.4^yl^0.75), Pt^Si^ (where, 0,5^y2^70.5), PdysSii.ys (where, 
0.5^y3^0.85), Ni y4 Ni. y4 (where, 0.5^y4^0.85), and Pdy 5 Ni.y 5 (where, 
0.5^y5^0.85); and 

wherein said second metal layer comprises any material selected from a group of 

Au,Cu,AlandPt 

30 

[Claim 5] A semiconductor device according to any one of claims 1 to 4, 
wherein said semiconductor layer is formed on a plurality of compound semiconductor 
layers formed on any one of a sapphire substrate, a SiC substrate, and a GaN substrate. 

35 [Claim 6] A semiconductor device according to any one of claims 1 to 5, 
wherein said semiconductor layer is an AluGai- u N layer (where, O^u^ 1)* 
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[Claim 7] A semiconductor device according to any one of claims 1 to 5, 
wherein said semiconductor layer is a AlGaN electron supplying layer formed on any 
one of a GaN channel layer and InGaN channel layer. 

5 

[Claim 8] A semiconductor device according to any one of claim 1 to 5, wherein 
said semiconductor layer is any one of a GaN channel layer and InGaN channel layer 
formed on an AlGaN electron supplying layer. 

10 [Claim 9] A semiconductor device according to any one of claims 1 to 5, 
wherein said semiconductor layer is an n-typc GaN channel layer. 

[Detailed Explanation of the Invention] 
[Field of Industrial Application] 

15 The present invention relates to a high power semiconductor device used in a 

microwave band including GaN as a principal material. Particularly, the present 
invention relates to a Schottky junction electrode used for a semiconductor device 
superior in heat resistance and power. 

20 Background of the Art 

Fig. 8 is a cross sectional view of a conventional semiconductor device of this 
kind. The semiconductor device has been reported, for example, in IEEE Trans. 
Microwave Theory Tech. (Vol. No. 46, No. 6, Page 756, 1998) authored by U. K. 
Mishra et al. 

25 As shown in Fig. 8, the semiconductor device is a heterojunction field-effect 

transistor which has a semiconductor layer formed on a sapphire substrate. A buffer 
layer 62 comprising aluminum nitride (A1N), a gallium nitride (GaN) channel layer 63, 
and an aluminum gallium nitride (AlGaN) electron supplying layer 64 arc sequentially 
formed on the sapphire substrate 61, and the laminated body of the semiconductor 

30 layers is thus configured on the sapphire sub strate 61 . 

In addition, a source electrode 6S and a drain electrode 6D arc formed in contact 
with the AlGaN electron supplying layer 64, and these source electrode 6S and drain 
electrode 6D are in ohmic contact with the AlGaN electron supplying layer 64. 
Furthermore, a gate electrode 67 is formed in contact with the AlGaN electron 

35 supplying layer 64, and this gate electrode 67 is in Schottky contact with the AlGaN 
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electron supplying layer 64. The gate electrode 67, in this case, is a laminated ] 
structure comprising a Ni layer 67 1 and an Au layer 672. j 

± 

iL. 

[Issues to be solved by the Invention] j- 

5 In the Schottky interface of GaN semiconductors comprising GaN, AlGaN or the 

like, since an influence of pinning of the Fermi level is small, the barrier height (3> B) is ] 
determined by the difference between the work function (Wm) of a metal and the 
electron affinity ( % s ) of a semiconductor. j 
$B = Wm-zs (1) | 

10 Therefore, the Schottky junction electrode 67 of a semiconductor device using a 

prior art has been in contact with the AIGaN layer 64, and had a metal layer 67 1 
composed of, for example, Ni, Pt, Pd or the like, which have a large work function. In 
addition, an Au layer 672 is formed on the metal layer 67 1 for reducing the resistance of \ 
the electrode. ~ 

15 If Ni, Pt and Pd are used to form the Schottky junction electrode 67, a high 

Schottky barrier is obtained. However, there exists a thermal unstability, for example, 
a low transition point of Ni, which is approximately 353°C. In a semiconductor device 
using GaN as a principal material, it is possible to operate at high power density (1 to 
lOW/mm) because high current density (up to 1 A/mm) and high breakdown voltage (up 

20 to 100V) can be obtained with the device. Under such operating conditions, since the 
temperature in the vicinity of the gate electrode rises to over 400°C by self-heating, 
thermal diffusion and alloying reaction of Ni, Pt and Pd with Au which constitutes the 
metal layer 672 has been significant. 

In order to confirm these phenomena, a heat treatment was performed (for 15 

25 minutes at 500 *C) on the conventional semiconductor device shown in Fig 8. Fig. 9 is 
a diagram showing the gate reverse current - voltage characteristics measured before 
and after the heat treatment. In Fig. 9, the vertical axis indicates the gate current 
(A/mm) and the horizontal axis indicates the gate - drain voltage (V). According to 
Fig. 9, it was confirmed that the gate reserve current was increased by about one order 

30 through the heat treatment on the conventional semiconductor. 

Moreover, depth profiles of the constituent elements before and after the heat ! 
treatment of the conventional semiconductor device were examined by using Auger 
spectroscopy. Fig. 10 is a diagram showing the Auger profile before the heat treatment. 
Fig. 1 1 is a diagram showing the Auger profile after the heat treatment. In Fig. 10 and 

35 Fig. 1 1, the vertical axis indicates the Auger strength (a. u.) and the horizontal axis 

indicates the sputtering time (minute). It has been confirmed that the interdiffusion of 

! 

! 

i 
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Ni and Au was generated by the heat treatment at 500°C on the conventional 
semiconductor device. Therefore, the increase of the gate reverse current by the heat 
treatment is considered to be due to deterioration of the Schottky barrier at the interface 
with the AlGaN electron supplying layer 64 by promotion of alloying of Ni and Au, and 

5 a work function of NiAu alloy is smaller than that of Ni. In addition, there was a 
problem that, at high temperatures, thermal diffusion of Ni configuring the Schottky 
junction electrode 671 into the AlGaN electron supplying layer 64 takes place, thereby 
forming a deep level, and resulting in destabilizing of the device characteristics ♦ 
The present invention has been developed in light of the afore-mentioned 

10 problems of the prior art* Therefore, the purpose of the present invention is to improve 
the heat resistance of the Schottky junction electrode and to provide a semiconductor 
device using GaN as a principal material, which has an excellent power performance 
and reliability. 

15 [Method for Solving the Problems] 

To solve the above problems, the present invention provides a semiconductor 
device having a semiconductor layer configured with a compound semiconductor 
containing Ga v Ali- v (where, 02Sv 5l) as a main component of Group Hi-elements and 
N as a main component of Group V-elements, and a Schottky junction electrode 

20 contacting with the semiconductor layer, wherein said Schottky junction metal layer 
comprises a laminated structure in which a first metal layer is formed on said 
semiconductor layer, a second metal layer is formed on the first metal layer, and a third 
metal layer is formed on the second metal layer, wherein said first metal layer comprises 
any material selected from a group of Ni, Pt, Pd, Ni^Si^, Pt^Sii^ Pd 2 Sii- 25 N^N^, and 

25 Pd z Ni- z (where, 0<z<l); wherein said second metal layer comprises any material 

selected from a group of Mo, Pt, W, Tx 9 Ta, Mo x Si,. x , Pt x Sij. x , W x Sii_ x , Ti x Sii. x , Tk x Sii*, 
Mo x Ni. x? W x Ni. x , Ti x Ni- X) and Ta x Ni. x (where, 0<x<l); and wherein said third metal 
layer comprises any material selected from a group of Au, Cu, Al, and PL 

In addition, the present invention provides a semiconductor device having a 

30 semiconductor layer configured with a compound semiconductor containing Ga v Ali- v 
(where, O^v ^ 1) as a main component of Group ITI-elements and N as a main 
component of Group V-clements, and a Schottky junction electrode contacting with the 
semiconductor layer, wherein said Schottky junction metal layer comprises a laminated 
structure in which a first metal layer is formed on said semiconductor layer and a 

35 second metal layer is formed on the first mei-al layer, wherein said first metal layer 

comprises any material selected from a group of NiySij. y , PtySi^y, Pd y Sij. y , Ni y Ni. y , and 
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PdyNj.y (where, 0<y<l); and wherein said second metal layer comprises any material 
selected from a group of Au, Cu, Al and Ft 

It is favorable that the semiconductor layer is an Al u Gai. u N layer (where, 
O^uSl). 

5 

[Effectiveness] 

In the stacked layer structure comprising the first metal layer to the third metal 
layer, the second metal layer suppress interdtffusion between the first metal layer and 
the third metal layer, thereby resulting in improvement of the reliability. In addition, 

10 since a work function of the first metal is large, the Schottky barrier becomes high, 
thereby resulting in a semiconductor device having a good Schottky contact, Also* in 
the stacked layer structure comprising the first metal layer and the second metal layer, a 
thermal diffusion of the first metal layer into GaN semiconductor is suppressed, thereby 
resulting in improvement of the reliability. Accordingly, the present invention largely 

15 contributes to high temperature performance and high output power of the 
semiconductor device. 

[Embodiments of the Invention] 

Examples of embodiments of the present invention will be explained by referring 

20 to figures. 

(First Embodiment) 

A first embodiment according to the present invention will be explained by 
referring to Fig. 1, Fig. 2, and Fig. 3. 

Fig. 1 is a figure showing a cross sectional structure of an AlGaN/GaN 

25 heterojunction field-effect transistor (Hetero-Junction Field Effect Transistor: HJFET) 
in the first embodiment according to the present invention. The transistor is formed on 
a sapphire substrate 11. In Fig. 1 , an undoped A1N buffer layer 1 2 is formed on the 
sapphire substrate 11, next, an undoped GaN channel layer 13 is formed on the undoped 
A1N buffer layer 12, and an undoped AlGaN electron supplying layer 14 is formed on 

30 the undoped GaN channel layer 13, sequentially. Furthermore, a source electrode 6S 
and a drain electrode 6D are formed in contact with the AlGaN electron supplying layer 
14. The source electrode 6s and the drain electrode 6D are in ohmic contact with the 
AlGaN electron supplying layer 14, Furthermore, a gate electrode 17 composed of a 
three-layers structure comprising a Ni layer 171 contacting with the AlGaN electron 

35 supplying layer 14, a Mo layer 172 contacting with the Ni layer 171 , and an Au layer 
173 contacting with the Mo layer, is formed. The gate electrode is in Schottky contact 
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with the AlGaN electron supplying layer 14* In addition, accompanying the piezo 
polarization effect and spontaneous polarization effect caused by the difference in lattice 
constant between GaN and AlGaN, a two-dimensional electron gas is generated within 
the GaN channel layer 13 in the vicinity of title interface with the AlGaN electron 
5 supplying layer 14. The HJFET operates as a transistor by modulating the 

concentration of the two-dimensional electron gas with a potential of the gate electrode 
17. 

A semiconductor device according to this embodiment is fabricated in the 
following manner. An undoped A1N layer 12 with a film thickness of 20 nm, an 

10 undoped GaN layer 13 with a film thickness of 2 jon, and an undoped Alo.3Gao.7N 
electron supplying layer 14 with a film thickness of 30 nm, are sequentially grown on 
the sapphire substrate J 1 which has (0001) surface orientation by, for example, a 
Molecular Beam Epitaxy (MBE) method. 

Here, although the lattice constants of AlGaN and GaN are different, the film 

15 thickness of 30 nm of the undoped Alo.3Gao.7N electron supplying layer 14 is less than 
the critical film thickness for generating dislocations. 

Next, the source electrode 6S and the drain electrode 6D are each formed on the 
AlGaN electron supplying layer 14, for example, by evaporating metals such as li/Al 
and alloying the metals to form ormic contact. .Finally, metal layers are sequentially 

20 formed on the AlGaN electron supplying layer 14 in the sequence and with the 

thicknesses described below, for example, by evaporation/lift-off method to form the 
gate electrode 17 with a Schottky contact . A first Ni metal layer 171 having a 
thickness of 15 nm is formed on the AlGaN electron supplying layer 14; next, a second 
Mo metal layer 172 having a thickness of 15 nm is formed on the first metal layer 171 ; 

25 and a third Au metal layer 173 having a thiclcness of 200 nm is formed on the second 
metal layer 172. 

Through the above processes, the semiconductor device shown in Fig* 1 is 
fabricated. 

The specific point of this embodiment lies in the fact that the Schottky gate 
30 electrode 17 is composed of a three-layer structure comprising the first Ni layer 171, the 
second Mo layer 172, and the third Au layer 173. Since Mo has a high melting point 
of approximately 2,630°C, it works as a barrier for the interdiffusion of Ni and Au. 
Therefore, the gate leak current is suppressed even at high temperatures, and as a result, 
the reliability of the device has been improved. In addition, since the first metal Ni 
35 contacting with the AlGaN electron supplying layer 1 4 has a large work function of 
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approximately 4.6 eV, the Schottky barrier is high, and an excellent Schottky contact 
can be obtained. 

A heat treatment (15 minutes at 500°C) was performed on the semiconductor 
device. The gate reverse current - voltage characteristics before and after the heat 
5 treatment is shown in Fig. 2. In Fig. 2, the vertical axis indicates the gate current 
(A/mm) and the horizontal axis indicates the gate-drain voltage (V). As shown in Fig. 
2, almost no change was observed in the gate reverse current before and after the heat 
treatment resulting in confirmation of the effect of the improved heat resistance by 
inserting the Mo layer. 

10 Fig, 3 is a characteristic diagram showing a gate width dependency of the 

saturated output density of the semiconductor device in this embodiment, compared 
with that of a conventional semiconductor device. In Fig. 3, the vertical axis indicates 
the saturated power (W/mm) and the horizontal axis indicates the gate width of the 
semiconductor device (mm). In the figure, measurement results of the conventional 

15 semiconductor device are also shown. Regarding the conventional technology, in a 
large device having a gate width of more than 32 mm, it was observed that the saturated 
output density dropped significantly due to self-heating. On the other hand, a decrease 
of output power density in this embodiment of the present invention was small. Then, 
the improvement of power by the improved heat resistance of the gate electrode was 

20 also confirmed. 

In this embodiment, even though Mo was used for forming the second metal layer 
with a Mo layer 172, the foregoing effect can be obtained even if the Mo layer is 
replaced with, for example, other refractory metal layer. For example, the second 
metal layer (172) may be replaced with any one of a Pt layer, a W layer, a Ti layer, and a 

25 Ta layer. 

The same effect can be obtained even if the afore-mentioned metal elements are 
replaced with intermetatlic compounds such as metal silicates or metal nitrides which 
are thermally stable and have a high melting point. For example, the second metal 
layer 172 can be replaced with any one of a Mo x Sij. x layer, a Pt x Sii. x layer, a W x Sii. x 

30 layer, a T^Si^ layer, a Ta^i^ layer, a Mo x Ni, x layer, a W x Ni. x , a Ti x Ni. x layer, and a 
Ta x Nj. x layer (where, 0<x<l for the all in the above). 

In this embodiment according to the present invention, although the first metal 
layer was configured with a Ni layer 171, the foregoing effect can be obtained even if 
the Ni layer is replaced with, for example, other metal element having a large working 

35 function. For example, the first metal layer 171 may be replaced with a Pt layer and a 
Pd layer. 
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In addition, in this embodiment, although the third metal layer was formed with 
an Au layer, the foregoing effect can be obtained even if the Au layer is replaced with, 
for example, other metal layer having a low resistivity. For example, the third metal 
layer (173) may be replaced with a Cu layer, an Al layer, and a Pt layer. 

5 

(Second Embodiment) 

Next, a second embodiment according to the present invention will be described 
by referring to Fig. 4. 

Fig. 4 is a figure showing a cross sectional structure of an AlGaN/GaN HJFET in 

10 the second embodiment according to the present invention. The HJFET is configured 
on a semiconductor layer formed on a sapphire substrate 21. On the substrate 21, an 
undoped A1N buffer layer 22 (20 nm) is formed, an undoped GaN channel layer 23 (film 
thickness: 2 jim) is formed on the A1N buffer layer 22, and an AlGaN electron supplying 
layer 24 of undoped Alo.3Gao.7N (film thickness: 30 nm) is formed on the GaN channel 

15 layer 23, sequentially. 

A source electrode 6S and a drain electrode 6D are formed in contact with the 
upper surface of the AlGaN electron supplying layer 24. The source electrode 6S and 
the drain electrode 6D are in ohmic contact with the AlGaN electron supplying layer 24. 
Furthermore, a gate electrode 27, which has a laminated structure comprising a NiSi 

20 layer 27 1 (15 nm) as a first metal layer composed of NiojSio.3 which contact with the 
AlGaN electron supplying layer 24 and an Au layer 272 (200 nm) as a second metal 
layer, is formed. The gate electrode is a Schottky contact with the AlGaN electron 
supplying layer 24. Accompanying the piezo polarization effect and the spontaneous 
polarization effect caused by the difference of lattice constant between GaN and AlGaN, 

25 a two-dimensional electron gas is generated within the GaN channel layer 23 in the 

vicinity of the interface with AlGaN electron supplying layer 24. The HJFET operates 
as a transistor by modulating the concentration of the two-dimensional electron gas with 
the potential of the gate electrode 27. 

The specific feature of this embodiment lies in the fact that the gate electrode 27 

30 has a laminated structure comprising a Nio.7^10 3 first metal layer 27 1 and an Au second 
metal layer 272, Since the bonding force between Ni and Si in Ni y Si]. y (where, 0<y<l) 
is strong, Ni y Sii. y is more stable than simple Ni at high temperature* Preferably, y is 
0.4^y^0.75. Especially, if 0.65^y ^0.75, the melting point is extremely high, 
approximately at 1200°C or higher, and, in addition, preferably, the resistivity increase 

35 is small compared with Ni. With the above reason, thermal diffusion of a metal of the 
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first metal layer 271 into the AlGaN electron supplying layer 24 is suppressed even at 
high temperature. As a result, reliability of the device is improved. 

In this embodiment according to the present invention, although the first metal 
layer was configured with a NiSi layer 271, ihe foregoing effect can be obtained even if 
5 the first metal layer (271) is replaced with, for example, other intermetallic compounds 
of metal silicates or metal nitrides which have a large work function and a high thermal 
stability, for example, PtSi, PdSi, NiN, and PdN. It is favorable to form the first metal 
layer (271) with any one of Pt y Sii- y (where, (h5^y^0/75), Pd y Sii. y (where, 
0.5^y^0.85) 9 Ni y Ni. y (where, 0.5^y^0.85), and Pd y Ni. y (where, 0.5^y^0.85). 
10 Furthermore, in this embodiment according to the present invention, although the 
second metal layer was configured with an Au layer 272, the foregoing effect can be 
obtained even if the Au layer is replaced with, for example, other metal layer which has 
a low resistivity. For example, the second metal layer (272) may be replaced with any 
one of a Cu layer, an Al layer, and a Pt layer 

(Third Embodiment) 

Next, a third embodiment according to the present invention will be described by 
referring to Fig. 5. 

Fig. 5 is a figure showing a cross sectional structure of an AlGaN/GaN HJFET in 
20 the third embodiment according to the present invention. The HJFET is configured 
with a semiconductor layer formed on a SiC substrate 31. On the SiC substrate 3 1, an 
undoped A1N buffer layer 32 is formed, an undoped GaN buffer layer 33 (film 
thickness: 2 }im) is formed on the undoped A1N buffer layer 32, an InGaN channel layer 
34 composed of an undoped InojGao.^N (film thickness: 15 nm) is formed on the 
25 undoped GaN buffer layer 33, and an AlGaN electron supplying layer 35 composed of 
an undoped Alo^Gao.gN (film thickness: 40 nm) is formed on the InGaN channel layer 
34, sequentially. 

A source electrode 6S and a drain electrode 6D arc formed in ormic contact on an 
upper surface of the AlGaN electron supplying layer 35. Furthermore, a gate electrode 

30 37 having a laminated structure comprising a NiSi layer 37 1 as a first metal layer 

composed of Nio ?Sio j which contact with the AlGaN electron supplying layer 35, a Mo 
layer 372 as a second metal layer, and an Au layer 373 as a third metal layer, is formed 
in Schottky contact. Accompanying the piezo polarization effect and the spontaneous 
polarization effect caused by the difference of lattice constant between InGaN and 

35 AlGaN, a two-dimensional electron gas is generated within the InGaN channel layer 34 
in the vicinity of the interface with the AlGaN layer 35. The HJFET operates as a 
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transistor by modulating the concentration of the two-dimensional electron gas with a 
potential of the gate electrode 37. 

The specific feature of this embodiment lies in the fact that the gate electrode 37 
has a laminated structure comprising a NiSi layer 371 , a Mo layer 372, and an Au layer 

5 272. Since Mo has a high melting point, approximately at 2650°C, it works as a 
barrier for the interdiffiision of Ni and Au. As a result, the gate leakage is suppressed 
even at high temperature, In addition, since the bonding force between Ni and Si in 
NiySij.y (where, 0<y<l, more preferably <U£y^0.75) is strong, the first metal 
contacting with AlGaN electron supplying kyer 35 is more stable than simple Ni at high 

10 temperature. Especially, in the case of 0.65^y £0 J5, the melting point is extremely 
high, approximately at 1200°C or higher, In addition, an increase of the resistivity is 
small compared with Ni. For this reason, thermal diffusion of the metal of the first 
metal layer into the AlGaN electron supplying layer 35 is suppressed even at high 
temperature. As a result, the reliability of the device is improved. 

15 In this embodiment, as with the first and the second embodiments, the 

improvement of thermal stability of the gate electrode has been confirmed. In addition, 
the improvement of power performance due to the improvement of thermal resistance of 
the gate electrode has also been confirmed. 

In this embodiment according to the present invention, although the first metal 

20 layer (371 ) was configured with a Ni y Sii. y layer, the foregoing effect can be obtained 
even if the first metal layer is replaced with metal silicates or metal nitrides having a 
large work function and a high thermal stability, for example, PtSi, PdSi, NiN, and PdN, 
It is more favorable to replace the first metal layer with any one of Pt y Sii. y (where, 
0.5^y^0 .75), Pd y Sii. y (where, 0.5^y^0.85), Ni y Ni. y (where, (X5^y^0.85), and 

25 Pd y Ni- y (where, O.5^y£0.85), 

In this embodiment according to the present invention, although the second metal 
layer was configured with a Mo layer, the foregoing effect can be obtained even if the 
Mo layer is replaced with other refractory metals. For example, the second metal layer 
372 may be replaced with any one.of a Pt layer, a W layer, a Ti layer, and a Ta layer. 

30 The same effect can also be obtained even if the second metal layer (372) is replaced 
with metal silicates or metal nitrides having a high melting point and a high thermal 
stability, For example, the second metal layer (372) may be replaced with any one of a 
MoxSii-x layer, a Pt x Si,. x layer, a W x Si,. x layer, a H x Sii^ layer, a Ta x Sii. x layer, a 
Mo x Ni-x layer, a W x Ni. x , a Ti x Ni- x layer, and a Ta x N,. x layer (where, 0<x<l). 

35 In tins embodiment, the third metal layer was configured with an Au layer 373. 

However, the same effect can be obtained even if the third metal layer (373) is replaced 
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with other metal layer having a low resistivity. For example, the third metal layer 
(373) may be replaced with any one of a Cu layer, an Al layer, and a Pt layer, 

(Fourth Embodiment) 

Next, a fourth embodiment according to the present invention will be described 
by referring to Fig. 6. 

Fig. 6 is a figure showing a cross sectional structure of a GaN 
metal-semiconductor field-effect transistor (MESFET) in the fourth embodiment 
according to the present invention. The MESFET is configured on a semiconductor 
layer formed on a SiC substrate 41. On the SiC substrate 41. an undoped A1N buffer 
layer 42 is formed, an undoped GaN buffer layer 43 (film thickness: 1 urn) is formed on 
the undoped AlN buffer layer 42, and a n-type GaN channel layer 44 (impurity 
concentration: 2 x 10 17 /cm 3 , film thickness: 150 nm) is formed on the undoped GaN 
buffer layer 43, sequentially. 

A source electrode 6S and a drain electrode 6D are formed in contact with an 
upper surface of the n-type GaN channel layer 44 to form ormic contact. 

Next, a gate electrode 47 having a laminated structure comprising a Ni layer 471 
as a first metal layer which contact with the GaN channel layer 44, a Mo layer 472 as a 
second metal layer, and an Au layer 473 as a third metal layer, is formed in Schottky 
contact. A depletion layer is generated in the n-type GaN channel layer 44 in the 
vicinity of interface with the gate electrode 47. The MESFET can be operated as a 
transistor by modulating a width of the depletion layer with a potential of the gate 
electrode 47. Li this embodiment, the channel layer was formed with n-type GaN, 
however, this may be replaced with n-type InGaN. 

This embodiment is a GaN MESFET to which the gate electrode structure 17 
shown in Fig. 1 is applied. Therefore, as with the first embodiment, the interdiffusion 
between the first metal layer and the third metal layer is suppressed even at high 
temperature. As a result, the improvement of the device reliability can be achieved. 
In addition, a high Schottky barrier and a good Schottky contact can be obtained. 
Further, the gate electrode 47 may be replaced with the gate electrode structure 27 
shown in Fig. 4. In this case, as with the second embodiment, the thermal diffusion of 
Ni into the GaN channel layer 44 is suppressed even at high temperature, thereby the 
device reliability is improved. Furthermore, the gate electrode 47 may be replaced 
with the gate electrode structure 37 shown in Fig. 5. In this case, as with the third 
embodiment, the thermal diffusion of the first metal layer into the GaN channel layer 44 
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is suppressed as well as the interdiffusion between the first metal layer and the third 
metal layer is suppressed, thereby resulting i n the improvement of the device reliability. 

(Fifth Embodiment) 

5 Next, a fifth embodiment according to the present invention will be described by 

referring to Fig, 7. 

Fig. 7 is a figure showing a cross sectional structure of a GaN/AlGaN HJFET in 
the fifth embodiment according to the present invention. The HJFET is configured 
with semiconductor layers formed on a GaN substrate 51. On the GaN substrate 51, an 

10 undoped A1N buffer layer 52 is formed, an undoped AlGaN buffer layer 53 (film 
thickness: 1 fim) is formed on the undoped /dN buffer layer 52, a n-type AlGaN 
electron supplying layer 54 composed of Al^Gao.sN (impurity concentration: 2 x 
10 18 /cm 3 , film thickness: 30 nm) is formed on the undoped AlGaN buffer layer 53, and 
an undoped GaN channel layer 55 is formed on the n-type AlGaN electron supplying 

15 layer 54, sequentially, to form a stacked semiconductor layer, 

A source electrode 6S and a drain electrode 6D are formed in contact with an 
upper surface of the GaN channel layer 55 forming an ormic contact. In addition, a 
gate electrode 57 having a laminate structure comprising a NiSi layer composed of 
Nio_sSia 5 as a first metal layer and an Au layer 572 as a second metal layer is formed in 

20 contact with an upper surface of the GaN channel layer 55 forming an ormic contact. 
A two-dimensional electron gas is generated within the GaN channel layer 55 in the 
vicinity of interface with the AlGaN electron supplying layer 54. The HJFET operates 
as a transistor by modulating the two-dimensional electron gas concentration with a 
potential of the gate electrode 57 . In this embodiment, although the channel layer was 

25 formed with GaN, it may be replaced with InGaN. 

In this embodiment, the gate electrode structure 27 shown in Fig. 4 has been 
applied to a GaN/ AlGaN HJFET. Therefore, as with the second embodiment, the 
thermal difftision of the first metal layer into the GaN channel layer 55 is suppressed 
even at high temperature. As a result, the device reliability can be improved* 

30 The gate electrode 57 may be replaced with the gate electrode structure 17 shown 

in Fig. 1 . In this case, as with the first embodiment, the interdiffusion between the first 
metal layer and the third metal layer is suppressed even at high temperature, thereby the 
device reliability can be improved. In addition, the Schottky barrier is high, then, a 
good Schottky contact can be obtained. 

35 Furthermore, the gate electrode 57 may be replaced with the gate electrode 

structure 37 shown in Fig. 5. In this case, as with the third embodiment, the thermal 
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diffusion of the first metal layer into GaN channel layer 55 is suppressed as well as the 
interdififusion between the first metal layer and the third metal layer is suppressed, 
thereby resulting in improvement of the device reliability* 

Although the present invention has been explained in relation to some of the 
5 preferred forms and embodiments, it can be understood that these forms and 

embodiments serve merely as examples provided to describe the invention, and they are 
not intended to limit the present invention to these forms and embodiments. 

For example, in the above embodiments, a GaN layer or an AlGaN has been used 
as a semiconductor layer to which a Schottky junction electrode contacts. However, an 
10 InAIN layer, an InGaN layer, an InAlGaN layer, and an A1N layer may be used for it. 
Also, a super lattice layer comprising at least any one of a GaN layer, an AlGaN layer, 
an InAIN layer, an InGaN layer, an InAIGaN layer, and A1N layer, may be used. 

In addition, in the above embodiments, the source electrode, the gate electrode, 
and the drain electrode had planar structures formed on the same semiconductor layer. 
15 However, a recess structure in which a cap layer of n-type semiconductor is selectively 
formed under the source electrode and the drain electrode may also be used. 
Furthermore, a buried gate structure buried in a semiconductor layer such as a GaN 
layer and an AlGaN layer may be used. 

20 [Advantages of the Invention] 

According to the present invention described in the above, in GaN semiconductor 
devices, the Schottky junction electrode is configured with a stacked layer structure 
comprising the first metal layer formed with any one of Ni, Pt, and Pd, the second metal 
layer formed with any one of Mo, Pt, W, 11, Ta, Mo x Sit_ x , Pt x Sii. x , W x Si!. x , Ti x Si Nx , 

25 Ta x Si,. x , Mo x Ni,. x , W x Ni. x , TS.Ni.*, Ta x Ni. x (where, 0<x<l), and the third metal layer 
formed with any one of Au, Cu, Al, and Pt, With the above configuration, the 
interdiffsion between the first metal and the third metal is suppressed, thereby resulting 
in the reliability improvement. In addition, since a work function of the first metal is 
large, the Schottky barrier becomes high. As a result, a good Schottky contact can be 

30 obtained. 

Furthermore, if the Schottky junction electrode is configured with a stacked layer 
structure comprising the first metal layer formed with any one of Ni y Sii- y , PtySij.y, 
Pd y Si,_ y , NiyN^y, and Pd y N]. y (where, 0<y<l) and the second metaJ layer formed with 
any one of Au, Cu, Al, and Pt, the thermal diffusion of the first metal into the GaN 
35 semiconductor is suppressed, thereby resulting in the reliability improvement. 
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Accordingly, the present invention contributes to high temperature performance and 
high output power of the semiconductor device. 

[Brief description of the drawings] 

5 Fig, 1 is a figure showing a cross sectional structure of a HJFET in the first embodiment 
according to the present invention; 
Fig. 2 is a diagram showing a gate reverse current - voltage characteristics before and 

after a heat treatment of the semiconductor device shown in Fig. 1; 
Fig. 3 is a diagram showing a gate width dependency of saturated output density of a 
10 semiconductor device in this embodiment, compared with that of a conventional 

semiconductor device; 
Fig. 4 is a figure showing a cross sectional structure of a HJFET in the second 

embodiment according to the present invention; 
Fig. 5 is a figure showing a cross sectional siTUCture of a HJFET in the third 
15 embodiment according to the present invention; 

Fig. 6 is a figure showing a cross sectional structure of a MESFET in the fourth 

embodiment according to the present invention; 
Fig, 7 is a figure showing a cross sectional structure of a HJFET in the fifth embodiment 
according to the present invention; 
20 Fig. 8 is a cross sectional view of a conventional semiconductor device; 

Fig, 9 is a diagram showing a gate reverse current - voltage characteristics before and 

after a heat treatment of a conventional semiconductor device; 
Fig. 10 is a diagram showing Auger profiles of a conventional semiconductor device 
before a heat treatment; 
25 Fig. 11 is a diagram showing Auger profiles of a conventional semiconductor device 
after a heat treatment. 

[Explanation of symbol] 

6D: drain electrode 
30 6S: source electrode 

11, 21, 61: sapphire substrate 

12, 22, 32, 42, 52, 62: A1N buffer layer 

13, 23, 55, 63: GaN channel layer 

14, 24, 35, 64: AlGaN electron supplying lajer 
35 17, 27, 37, 47, 57, 67: gate electrode 

171, 471, 671: Ni layer 
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172, 372, 472: Mo layer 
173, 272, 373, 473, 572, 672: Au layer 
271, 371, 571: NiSi layer 
31,41: SiC substrate 
5 33,43: GaN buffer layer 
34: InGaN channel layer 
44: n-type GaN channel layer 
51: GaN substrate 
53: AlGaN buffer layer 
10 54: n-type AlGaN electron supplying layer 
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FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG 8 
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FIG 9 
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FIG 10 
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